ABSTRACT
INTRODUCTION
Traditional genomic studies require culturing and subsequent cloning of individual microorganisms in the laboratory. However, the majority of microorganisms found in natural ecosystems cannot be easily cultured in the laboratory (Amann et al., 1995) . The metagenomics approach employs techniques that enable researchers to directly obtain, and sequence the genomic content of microbial communities, thereby bypassing the need for prior cultivation of all individual organisms present in the sample (Hugenholtz, 2002; Rappe and Giovannoni, 2003) . Computational methods are subsequently used to assemble and characterize the obtained sequenced fragments. The major objectives of metagenomic analysis include surveying the diversity of microbial communities, understanding community metabolism, and, in the process, discover new organisms, genes and proteins having potential applications in industrial microbiology, biotechnology and medicine.
One of the first steps in metagenomic analysis is the estimation of taxonomic diversity of a given environmental sample. This step involves identification of various taxa in the sample, and profiling their abundance. With the rapidly decreasing cost of DNA sequencing, there is an increasing trend of sequencing the genomes present in an environmental sample. The shotgun sequencing approach has been widely used for sequencing metagenomes (Tyson et al., 2004; Venter et al., 2004) . In this approach, DNA extracted from the environmental sample is first randomly sheared into fragments. These fragments are then sequenced to obtain 'reads'.The technologies that have been widely used to generate and sequence reads are the 454 (Margulies et al., 2005) and Sanger sequencing technologies (Sanger et al., 1977) . The lengths of the 454 and Sanger reads generally range between 100-400 and 800-1000 base pairs, respectively. To ensure that every portion of the target genomes are represented in the reads, the process of generation and sequencing of fragments is repeated a number of times. Reads are then progressively assembled into contigs and scaffolds by using various assembly methods. An important aspect of metagenomic analysis is the assignment of each 'read' to its source organism. Subsequently, reads assigned to a particular source organism are grouped together. This process of taxonomic assignment and grouping of reads is referred to as 'binning'. Binning thus gives an estimate of the abundance profiles of various taxa present in a given metagenomic sample.
Two different methodologies have been followed for binning metagenomic reads. While the first method is based on the compositional characteristics of reads such as GC percent, codon usage, oligo-nucleotide frequency distribution, etc., (McHardy et al., 2007; Teeling et al., 2004) , the second method is based on sequence similarity. Sequence-similarity-based methods first identify similarity of reads to known sequences present in reference databases. A read, having similarity with sequences belonging to only a single organism in the database is assigned to that organism. One way to deal with a read that has hits with sequences belonging to two or more organisms is to use the Lowest Common Ancestor (LCA) approach that assigns the read to a higher taxonomic level that would qualify as the LCA of all the organisms against which hits were obtained (Huson et al., 2007) . An obvious problem with the LCA approach is that insignificant hits (in addition to the significant ones) may result in the assignment of read at relatively higher taxonomic levels (root, cellular organisms, bacteria, etc.), thus reducing the specificity of binning. Algorithms like MEGAN use bit-score as a parameter to filter out insignificant hits, thereby improving the specificity of assignment to some extent (Huson et al., 2007) .
The success of similarity-based binning approaches also depends to a large extent on the content of the database against which similarity searches are carried out. Reads originating from organisms that are represented in the database would generate a large number of hits. However, metagenomic samples are typically characterized by the presence of many new genomes, which could correspond to new species or genera or families, etc. The databases against which the similarity searches are performed will, therefore, not include sequences from these new genomes. This database limitation can thus result in many reads from metagenomic samples being characterized as unassigned. However, a few sequences belonging to the new organisms sometimes find matches with sequences from multiple organisms in the database. These matches are typically characterized by low values of identity and a high number of gaps and mismatches, in spite of having a reasonably high bitscore.
The efficiency of any taxonomic assignment algorithm can thus be quantified in terms of specificity, accuracy, and its ability to work differently for reads obtained using various sequencing technologies (454, Sanger, etc.) and originating from known, new and partially characterized genomes. This can be achieved by judging the quality of the alignment of the reads with their corresponding hits. In this article we present a new similarity-based binning algorithm called SOrt-ITEMS (Sequence ORTholog based approach for binning and Improved Taxonomic Estimation of Metagenomic Sequences). This algorithm adopts an exhaustive approach to judge first the quality of the alignment of the read with its hit sequences and arrives at an appropriate level in the taxonomic tree at which the read can be assigned. The algorithm then uses the orthology approach to identify hits that show significant orthology, i.e. reciprocal similarity with the query read sequence. The hits identified as orthologs of the query sequence is then used for the final assignment of the read.
METHODS

Principle
The work-flow followed by SOrt-ITEMS to assign a read to a taxa/clade in the phylogenetic tree can be divided into two major phases. The first phase involves assessment of the alignments obtained between the read and the corresponding hit sequences in the BLASTx (Altschul et al., 1990) output. The alignment parameters used for assessing the significance of an alignment include bit-score, alignment length, percentage of identities, and positives. While 'identities' indicate the percentage of identical residues in the alignment, 'positives' correspond to the percentage of residues in the alignment for which the alignment scores have positive values.
Reads having insignificant alignments are first identified and categorized as 'Unassigned'. For reads having significant alignment parameters, the algorithm subsequently arrives at a taxonomic level (e.g. genus, family, order, phylum, etc.) at which the reads can be assigned. The principle used by the algorithm to determine this level is explained below.
Since sequences from different organisms are assumed to have diverged (evolved) from common ancestors, the identity between sequences of different organisms would decrease progressively as the distance (level of divergence) between organisms increases. It is implicit from this observation that an alignment of two sequences, belonging to organisms that have diverged from relatively higher levels in the taxonomic tree, will display relatively lower identity and a high number of mismatches and vice-versa. Assuming a uniform rate of evolution, the values obtained as alignment parameters in the Blast output would thus indicate (to a large extent) the probable taxonomic level from where the sequences have diverged. It is logical to limit the assignment of the read at this taxonomic level since this level would not only be conservative (thus avoiding false positives), but also the most specific level at which the assignment can be made. Keeping this principle in mind, patterns of various alignment parameters are observed, and corresponding thresholds are determined empirically following the process described in the next section.
Once the appropriate taxonomic assignment level is determined, the algorithm incorporates the second phase. Steps in this phase aim at improving the specificity of assignment of each read, based on identification of a specific subset of hits that share an orthologous relationship with the given read. Two parameters are utilized by SOrt-ITEMS to identify this specific subset, namely, (i) the degree of orthology between the read and the hit sequences and (ii) the degree of orthology between each of the hit sequences. The basis for the usage of these two parameters by SOrt-ITEMS is illustrated in Figure 1 and is explained below in two possible scenarios. Scenario 1: In this scenario, read (Q) originates from the genome of a new organism 'X' that is phylogenetically close to known organisms 'A' and 'B'. Since the sequences from both A and B are present in the database, the best hit for the read will be with a sequence either from A or B. The order of the hits would correspond to the level of similarity between the read and the sequences belonging to A and B (of clade C1). If clades C1 and C2 are not phylogenetically very distant (and the database contains sequences from C and D), additional hits with organisms C and D would also be generated with comparable bit-scores. An LCA-based method would thus assign the read (Q) to the common ancestor of A, B, C and D; i.e. at a higher level E. Since the highest scoring hit corresponds to a sequence from organism A, a reciprocal BLAST search of this sequence from A against a database that contains the read (Q) and the other hit sequences from B, C and D, would yield one of the following two patterns of hits (in the decreasing order of similarity).
Case 1: A-Q-B-C-D: This pattern is observed, if the read is more related to A rather than B, C and D.
Case 2: A-B-Q-C-D: This pattern is observed, if the read is more related to clade C1, wherein genomes A and B are more closely related to each other than with Q.
Thus in the reciprocal BLAST output, the organisms corresponding to hits that precede the read Q (A in case 1; A, B in case 2), provide a good indication of the phylogenetic relatedness of the read sequence (Q) from X with sequences from A and B. Based on this, SOrt-ITEMS would assign the read to organism A in case 1, and to LCA of A and B (i.e. E) in case 2. Scenario 2: In this scenario, read (Q) originates from known genome A. Except for rare circumstances arising due to horizontal gene transfer (HGT) event, the best hit will be generally with a sequence from organism A. The order of hits with B, C and D would depend on the phylogenetic relatedness of the sequence pertaining to that specific read (Q) with similar sequences in organisms B, C and D. In this situation, since only A precedes Q in the order of hits in the reciprocal blast output, SOrt-ITEMS would assign the read to organism A. This situation can be used for assigning reads arising from organisms represented in the reference database.
Determination of threshold of various alignment parameters
To determine the threshold values of various alignment parameters for reads obtained from 454 (100-400 base pairs) and Sanger (800-1100 base pairs) sequencing technologies, two sets of simulated reads corresponding to these two sequencing technologies were generated using MetaSim software (Huson et al., 2008) . Each set (25 000 reads) contained 1000 reads each from 25 organisms (listed in Supplementary Table S1-A) belonging to different bacterial clades. Six variants of the nr database were created by removing sequences corresponding to species, genus, family, order, class and phylum of the source organisms of the reads, respectively. The following procedure was subsequently performed for each set of reads. Using BLASTx with default parameters, all the simulated reads belonging to a set were queried against the nr database as well as these six variants of the nr database. Thus, seven BLASTx outputs were generated for a set of reads from an organism. From each of these seven BLASTx outputs, alignment parameters corresponding to the best hit of each read were parsed out, and were written to a new file. The five columns in the new file corresponded to the read-id, source organism of the read, taxon name of the best hit, identity and positives (corresponding to the best hit of that read). If the taxon name (corresponding to the best hit) belonged to the same species as the source organism of the read, the read was tagged as 'diverged from species'. Similarly, if the taxon name corresponding to the best hit of a read matched with the read's source organism at either the genus or family or order or class or phylum levels, the read was tagged as 'diverged from genus', 'diverged from family', 'diverged from order', 'diverged from class' and 'diverged from phylum', respectively. Reads with similar tags were grouped together. Reads within each group were again subgrouped according to the identity values between the read and the hit. In a group, the number of reads that fall in different identity ranges were tabulated, the results of which are given in Supplementary Tables S1-B and S1-C and Supplementary Figure S1 . From these results, the thresholds of various alignment parameters (for restricting the assignment of reads to specific taxonomic levels) applicable for 454 and Sanger reads were identified as follows. Table S1 -B) that majority of reads (>77%) having an identity value between 66 and 100% are either tagged as 'diverged from species' or 'diverged from genus' or 'diverged from family', the identity threshold of 66-100% was used for restricting the assignment of reads to either species or genus or family levels. Within this identity range, it was observed (Supplementary Table S1 -D) that reads belonging to the groups 'diverged from species', 'diverged from genus' and 'diverged from family' could be distinguished on the basis of the number of mismatches, i.e. difference between the 'Number of Positives' and the 'Number of Identities' (P-I). Based on these observations, while the assignment of reads which generated alignments having seven or more mismatches was restricted at the family level, the assignment of reads that generated alignments with less than seven mismatches was restricted at the genus level. Those reads that generated alignments without mismatches were assigned at species level.
454 reads Based on the observation (Supplementary
In the identity range from 61% to 65%, it was seen that ∼77% of reads are tagged either as 'diverged from species/genus/family' (Supplementary  Table S1 -B). However, it was observed that the number of mismatches (P-I) did not serve as a distinguishing feature to differentiate between reads (belonging to any specific group) having 61-65% identity. Based on these observations, the assignment of reads generating alignments whose identity fell in the range between 61% and 65% was conservatively restricted at the family level. Using similar reasoning, the assignments of reads generating alignments having identities in ranges of 56-60%, 51-55% and 41-50% were conservatively restricted at the level of order, class and phylum, respectively. Reads whose identity values were below 41% were categorized as 'Unassigned'. Table S1 -C) that majority of reads (>90%) having an identity value between 91% and 100% are either tagged as 'diverged from species' or 'diverged from genus', the identity threshold of 91-100% was used for restricting the assignment of reads to either species or genus level. Within this identity range, it was observed (Supplementary Table S1 -E) that reads belonging to the groups 'diverged from species' and 'diverged from genus' could be distinguished based on the presence or absence of mismatches, i.e. difference between the 'Number of Positives' and the 'Number of Identities' (P-I). Based on these observations, while the reads which generated alignments having mismatches were restricted at the genus level, those reads that generated no mismatches were assigned at the species level.
Sanger reads Based on the observation (Supplementary
Since most of the reads (46%) tagged as 'diverged from genus' or 'diverged from family' displayed an identity value between 76% and 90% (Supplementary Table S1 -C), the identity threshold of 76-90% was used for first restricting the assignment of reads to either family or genus level. Within this identity range of 76-90%, it was observed (Supplementary Table S1 -F) that reads belonging to the groups 'diverged from genus' and 'diverged from family' could be distinguished based on the percentage of mismatches, i.e. (P-I). Based on these observations, while the assignment of reads that showed a mismatch percentage of less than or equal to 2 was restricted at the genus level, the assignment of reads whose mismatch percentage exceeded 2 was restricted at the family level.
In the identity range from 61% to 75%, it was seen that ∼50% reads are tagged either as 'diverged from family' or 'diverged from class' or 'diverged from order' (Supplementary Table S1-C). However, it was observed that the number of mismatches (P-I) did not serve as a distinguishing feature to differentiate between reads (belonging to any specific group) having 61-75% identity. Based on these observations, the assignment of reads generating alignments whose identity fell in the range between 61% and 75% was conservatively restricted at the class level.
In the identity value range between 36% and 60%, reads tagged as 'diverged from phylum'were found in majority (Supplementary Table S1-C). Based on this observation, assignment of reads with identity values in this range were restricted to phylum level. Reads whose identity value were below 36% were categorized as 'Unassigned'.
On the basis of thresholds obtained from the observations mentioned earlier, flowcharts (Fig. 2) were developed to obtain appropriate levels of assignment for 454 and Sanger reads based on alignment characteristics.
SOrt-ITEMS algorithm
The flowchart illustrating the 'SOrt-ITEMS' algorithm is presented in Figure 3 . The output of BLASTx obtained for a read against a sequence database e.g. the nr database, is taken as input for the SOrt-ITEMS algorithm. The various steps followed for identification and taxonomic assignment of the read are described as follows.
Step 1: Parsing information from BLASTx output: From the BLASTx output, various alignment parameters are first obtained. These parameters are bit-score, alignment length, identities, positives, taxon name and the alignment subsequences from each hit. The alignment parameters are recomputed after removing the masked low-complexity regions from the alignment. Reads which have not generated any hit are binned under the 'No Hits' category.
Step 2: Categorizing 'Unassigned' reads: Hits corresponding to a read that have scores of less than 35, or an alignment length of less than 25 are removed. If the read has no hits remaining after this step, it is categorized as 'Unassigned'.
Step 3: Reducing the occurrence of insignificant hits: For a read not categorized as 'Unassigned', only those hits are retained whose scores lie within 10% of the bit score corresponding to the best BLAST hit for that respective read. This reduces the occurrence of insignificant hits.
Step 4: Obtaining an appropriate taxonomic level for assignment: As explained earlier and illustrated in Figure 2 , various alignment parameters obtained for the best hit of the read are used by the algorithm to arrive at an appropriate taxonomic level (henceforth referred to as 'TL') where the assignment of the read can be restricted. It is to be noted that, for a given hit, the TL thus lies in the path from the root to the taxon name corresponding to that hit. Once TL is identified, the taxon name that occurs at TL is obtained, and is used as a replacement for the taxon name of the best hit. The taxon names of other hits are also replaced with the respective taxon names that occur at TL.
For example, consider a Sanger read with the best BLAST hit with Campylobacter jejuni RM122 with an identity value of 65%. It is clear from Figure 2 that the taxonomic level (TL) at which the assignment of this read is to be restricted is at the 'class' level. Tracing the path between 'Campylobacter jejuni RM122' (i.e. the taxon name corresponding to the best hit) and the 'root' indicates that the taxon name occurring at the level of TL (i.e. class) is 'Epsilon-proteobacteria'. Therefore, the taxon name of the best hit (i.e. Campylobacter jejuni RM122) is replaced with 'Epsilonproteobacteria'. Similarly, the taxon names corresponding to other hits for this read are also replaced with the corresponding taxon names occurring at their respective TL. These substituted taxon names are used in all subsequent steps.
Thus at the end of this step, the taxon names of all hits (corresponding to a read) are substituted with taxon names occurring at the corresponding TL. As a consequence, the taxonomic level of the final assignment of the read (in Step 5) can only occur, either at the TL or at levels above TL, i.e. to a taxa that lies in the path from the TL to the root in the phylogenetic tree. For tracing the path between the root to the taxon name corresponding to each hit, the NCBI taxonomy tree has been utilized as the reference taxonomy.
Step 5: Ortholog identification and final taxonomic assignment of the read: A reciprocal BLAST search of the sequence of the best hit is performed against a database that contains the read sequence and sequences corresponding to other hits. The order of hits obtained in the reciprocal BLAST output is obtained, and the hits that precedes the hit obtained with the read sequence is/are identified as sharing an orthologous relationship with the read sequence. The substituted taxon names corresponding to these hits are obtained and are used for the final assignment of the read. If only one hit sequence is observed to be orthologous to the read sequence, the read is assigned to the substituted taxon name for that hit. If more than one hit sequences are observed to be orthologous to the read sequence, the read is assigned to the LCA of the substituted taxon names found for these hits. 
Validation of Sort-ITEMS
Data sets used
The following data sets were used for validation of SOrt-ITEMS algorithm.
454 reads: Completely sequenced genome sequences of 25 bacteria belonging to different clades were downloaded from NCBI Web site (ftp://ftp.ncbi.nih.gov/genomes/Bacteria/). Using MetaSim (Huson et al., 2008) , 25 000 reads (1000 reads for each genome) simulating the typical read lengths (100-400 bp), and errors models associated with 454 sequencing technology were generated.
Sanger reads: 25 sets of reads (consisting of 35 023 reads) corresponding to diverse bacterial organisms were randomly taken from high complexity data set (simHC) downloaded from http://fames.jgipsf.org/Retrieve_data.html. This data set contained sequences with incorporated sequencing and sequence dependent processing errors (Mavromatis et al., 2007) . The length range of these reads was approximately 800 to 900 bases, thus simulating reads generated using Sanger sequencing technology.
Databases used
To validate the performance of SOrt-ITEMS with respect to reads originating from either known or new genomes, three variants of the nr database were used, namely (i) nr database containing query species, (ii) nr database excluding sequences corresponding to query species and (iii) nr database excluding all sequences belonging to the query genus. For example, reads originating from Campylobacter jejuni RM1221 were queried against the following databases equivalent to the database variants mentioned above.
(1) Complete nr database (which also contained sequences from Campylobacter jejuni RM1221) (2) nr Database where all sequences specifically belonging to species (C. jejuni) were removed (3) nr Database where all sequences belonging to Campylobacter genera were removed
Methods used for categorizing assignments of SOrt-ITEMS
The results of SOrt-ITEMS obtained by querying the read sequences against the above three database variants were categorized under 'Known species', 'Unknown species', and 'Unknown genus', respectively. To quantify the accuracy of assignments obtained against the three variants of the database, results obtained by SOrt-ITEMS against each of these three variants were classified as 'Correct', 'Wrong', and 'Unassigned'.
Correct: Reads which are assigned either to the taxon corresponding to the source organism of the read, or to taxa that lie in the path between the root to the taxon name corresponding to source organism of the read were categorized as 'Correct'.
Wrong: Those reads which were incorrectly assigned to taxa that did not lie in the path from the root to the taxon corresponding to the source organism of the read were categorized as 'Wrong'. For example, reads from Campylobacter jejuni RM1221 which were not assigned to any of the taxa mentioned below were categorized as 'Wrong'.
Root; cellular organisms; Bacteria; Proteobacteria; delta/epsilon subdivisions; Epsilon-proteobacteria; Campylobacterales; Campylobacteraceae; Campylobacter; Campylobacter jejuni RM1221.
Reads categorized as 'wrong' were further analyzed to identify the taxonomic level from which the assignment had gone wrong. This level thus indicated the taxonomic level till which the assignment was correct. For example, consider a read originating from genus Campylobacter being incorrectly assigned to the genus Sulphurospirillum. Since Campylobacter and Sulphurospirillum belongs to the same family 'Campylobacteraceae', the assignment can be considered as 'correct till the family level'. Using this principle, wrong assignments were categorized as 'correct till phylum level', 'correct till class level', etc.
Unassigned: As described earlier, reads which had no BLAST hits or had all hits with either a score of less than 35 or an alignment length of less than 25 were categorized as 'Unassigned'.
To quantify specificity of assignments of reads, assignments categorized as 'Correct' were subclassified in a manner that reflected the numbers assigned at the following different levels in the taxonomic tree.
Non-specific levels (or higher levels): Assignments at the level of root, cellular organisms and bacteria.
Intermediate levels: Assignments at the level of phylum, class and order. Specific levels: Assignments at any levels that were below the intermediate levels were considered as specific assignments. An algorithm with high specificity is expected to assign more number of reads to this level.
In order to evaluate the accuracy and specificity of SOrt-ITEMS, the results of SOrt-ITEMS were compared with corresponding results generated by MEGAN version 3.2 (Huson et al., 2007) for all the categories mentioned above. Results for MEGAN were generated using the same parameters which were used in SORT-ITEMS. These parameters were a minimum bit-score of 35 and a 10% bit-score filter. For both the methods, a bin for a particular taxon was created, if at least two reads were assigned to it.
Testing SOrt-ITEMS on Sargasso Sea data sets
For testing the performance of SOrt-ITEMS on real metagenomic data, the taxonomic composition of a subset of reads from the Sargasso Sea data set i.e. sample 1 and pooled samples 2-4 (hereafter referred to as sample 2), previously analyzed by MEGAN (Huson et al., 2007) was analyzed using SOrt-ITEMS. Both MEGAN and SOrt-ITEMS were executed with the same parameters as described in Huson et al. (2007) i.e. top percent of 5%, minimum bit score of 100 and minimum bin size (min support) of 2.
To compare the pattern of assignments, the cumulative percentage of assignments by both methods at various taxonomic levels were obtained. The cumulative percentage at a given taxonomic level was obtained by summing the reads assigned at or below this taxonomic level, and expressing this sum as a percentage of total number of reads in the sample.
The cumulative number of reads assigned to various taxa identified by SOrt-ITEMS at phylum, class and order levels were qualitatively analyzed and compared with those obtained with MEGAN.
RESULTS
Validation of SOrt-ITEMS
Assignments of all reads present in 454 and Sanger data sets in various bin categories by SOrt-ITEMS and MEGAN are given in Supplementary Table S2 . The summarized binning results obtained by both the methods for individual data sets (against each variant of the database) are given in Table 1 and are explained below. A graphical representation of these results is illustrated in Supplementary Figure S2 .
Correct assignments: As expected, Table 1 indicates that the percentage of reads classified as 'Correct' (for both data sets) are seen to decrease when the sequences belonging the species and genus corresponding to the source organism of the read are removed from the database. On the other hand, irrespective of the database used, a higher percentage of reads from the Sanger data set (with reads of length in the range 800-900 bp) are classified as 'correct' compared to reads from 454 data set (with reads of length range 100-400) by both the methods. It is generally observed that SOrt-ITEMS has a higher percentage of correct assignments compared to MEGAN (Supplementary Fig. S2 ). The only exception to this pattern is for the 'known species' scenario corresponding to the 454 reads. However, when the reads correspond to a new species or new genera, SOrt-ITEMS correctly assigns a relatively higher number of reads than MEGAN, thus indicating the improved accuracy of SOrt-ITEMS.
Specific assignments: For both methods, a very high percentage (∼91-93%) of Sanger reads originating from a known organism are seen to be assigned at 'specific levels'. For the same database scenario, in the case of 454 reads, SOrt-ITEMS predicts 64.4% of reads at specific levels as compared to 83.2% by MEGAN. However for 454 reads, in scenarios where sequences belonging to the species and genus corresponding to the source organism of the read are removed from the database (scenarios generally prevalent in metagenomic samples), it is seen that the number of reads assigned by SOrt-ITEMS and MEGAN are comparable. It is also seen that only 5-6% of reads are assigned at 'specific levels', when sequences belonging to the genus (corresponding to the source organism of the read) are removed from the database. Thus, as expected, the percentage of specific assignments by both methods, drops as sequences of species and genera (corresponding to the source organism of the reads) are progressively removed from the database.
Intermediate levels: Assignments of reads tend to become more generic as one progressively removes sequences belonging to the species, genus, family, order, class and phylum, corresponding to the source organism of the read from the database. It is observed that, when the genus (corresponding to the source organism of the read) is removed from the database, the majority of assignments by both SOrt-ITEMS and MEGAN, are seen at 'intermediate levels' (∼15-20% for 454 data set, and ∼41-61% for Sanger data set).
The number of assignments at the intermediate levels is indicative of the specificity of the method in a scenario where reads originate from a new genus. SOrt-ITEMS assigns 5-20% more reads at this level as compared to MEGAN, thus indicating its increased specificity (Supplementary Figs S2-C and S2-F) .
Non-specific levels (or higher levels): The percentage of 'nonspecific' assignments by MEGAN for both 454 and Sanger data sets is seen to be ∼1.5-2.0 times higher as that by SOrt-ITEMS. For example, when sequences belonging to the species or genus (corresponding to the source organism of the read) are removed from the database, ∼8-17% of assignments by MEGAN are at nonspecific levels compared to only 4-10% by SOrt-ITEMS.
Wrong assignments: The percentage of wrong assignments by both SOrt-ITEMS and MEGAN is seen to increase as sequences The 'Level of assignment' refers to the taxonomic level at which the read was assigned, 'Known species', 'Unknown species', 'Unknown genus' refer to the three database variants used in this study. Note that the subtotals may deviate by a value of 0.1, since individual values were rounded off to single decimals.
belonging to the species and genus (corresponding to source organism of the read) is progressively removed from the database. As seen from Table 1 and Supplementary Figures S2-A to S2-C, for the 454 data set, the wrong assignments by MEGAN is 3-11 times higher than that by SOrt-ITEMS. Similarly, out of 35 023 reads in the Sanger data set, 8.1% (9858) and 28.7% (10043) of the reads are wrongly assigned by MEGAN (for 'Unknown Species' and 'Unknown Genus' scenarios, respectively) which is 4-5 times higher than that by SOrt-ITEMS .
Categorization of the reads incorrectly assigned by both the methods, based on the taxonomic level from which they have gone wrong are shown in Supplementary Table S3 . It is observed that compared to MEGAN, SOrt-ITEMS makes relatively lesser number of incorrect assignments at all taxonomic levels. This difference is especially prominent as one progressively moves to the specific taxonomic levels.
Unassigned: As expected, the number of reads categorized as unassigned by both the methods is higher in the case of 454 data set than Sanger data set. The number of reads categorized as Unassigned by SOrt-ITEMS is 1.3 to 2.5 times higher than that by MEGAN.
Testing of SOrt-ITEMS on Sargasso Sea data
Analysis of the reads from Sargasso Sea sample indicates that 85 and 89% of the reads in sample 1 and 62 and 70% in sample 2 are assigned by SOrt-ITEMS and MEGAN, respectively. Cumulative percentage of assignments by SOrt-ITEMS and MEGAN are given in Supplementary Table S4-A. Though it is logical to expect a progressive increase of the cumulative percentage of assignments as one moves from specific taxonomic levels to higher taxonomic levels (e.g. phylum), it is seen from Supplementary Table S4-A that both methods have a lower cumulative percentage of assignments at the family level as compared to that at the genus level. It is observed that a large number of reads (1264 and 1770 in samples 1 and 2, respectively) are assigned under the genus Candidatus Pelagibacter, the taxon at the family level of which is missing in the taxonomic lineage. This leads to a lower cumulative percentage at the family level compared to that at the genus level.
It is also observed that the difference in cumulative percentages of assignments by both methods progressively decreases as one moves from specific levels to higher levels. The only exception to this pattern is again at the genus and family levels, the reason being the same as mentioned above. The cumulative percentage of assignments obtained at the phylum level is comparable for both methods.
As seen from Supplementary Table S4-A, MEGAN bins a relatively high percentage of reads (39% and 34% in sample 1 and sample 2, respectively) at or below the level of species. An examination of the best BLAST hits obtained for these reads revealed that more than 69% and 91% of these reads (in sample 1 and 2, respectively) had identity values below 90%. On the other hand, it is seen that SOrt-ITEMS conservatively assigns less than 1% of the assigned reads (in both samples) at species or below levels (all having identity values greater than 90%). A distribution of the identity values for reads binned by both the methods at the level of species or below has been compared and given in Supplementary  Table S4-B. Qualitative analysis of assignments of reads to various taxa at the level of phylum by both methods (Supplementary Table S4-C) show that, while SOrt-ITEMS identifies a total of 12 phyla in Sample 1, MEGAN identifies 3 additional phyla (in addition to the phyla identified by SOrt-ITEMS). Similarly, in sample 2, SOrt-ITEMS and MEGAN identify 19 and 22 phyla, respectively, 18 of which are common to both. Analysis of reads which belong to the additional phyla identified by MEGAN in both samples revealed that most of these reads have low values of identity (<35%). However, it is seen that some of these reads (e.g. read ids UABC253TF, UDAM803TF, UDAVI83TR) are assigned by MEGAN at species or below levels. Based on the low identity, the same reads are categorized as unassigned by SOrt-ITEMS.
In sample 2, SOrt-ITEMS identifies an additional phylum 'Fusobacteria'. Examination of reads binned by SOrt-ITEMS under this phylum, indicate that the best hits corresponding to these reads, belong to the species 'Fusobacterium nucleatum'with identity values in the range of 41-45%. Based on identity thresholds, SOrt-ITEMS conservatively assigns these reads at the phylum level i.e. Fusobacteria. These reads are categorized as unassigned by MEGAN.
Similar differences in patterns of assignments by SOrt-ITEMS and MEGAN are also observed at the levels of class and order (Supplementary Tables S4-D and S4 -E, respectively), wherein MEGAN assigns reads to additional taxa at these levels, as compared to SOrt-ITEMS. However, a close examination of the reads assigned to taxa belonging to these additional classes and orders, again revealed that many of these reads have alignments with low values of identities. While MEGAN assigns a majority of these reads at species or below levels, SOrt-ITEMS uses alignment parameters and conservatively assigns them at an appropriate higher level.
DISCUSSION
A characteristic feature of metagenomic samples is the presence of many new genomes, the sequences of which are either underrepresented or are completely absent in contemporary sequence databases. Taxonomic binning of reads that originate from these new genomes is an important task for any metagenomic analysis.
This article details an improved similarity-based binning approach called SOrt-ITEMS. The SOrt-ITEMS approach identifies a similar sequence (hit) as significant, based on assessment of various alignment parameters. Based on the type of sequencing-technology used, namely Sanger and 454, reads in a metagenomic sample vary in parameters like length and quality. These varying parameters make it difficult to arrive at a single bit-score threshold that holds good for all read sequences in the metagenomic sample. Setting a high bit-score threshold would result in majority of reads to be categorized as 'Unassigned'. On the other hand, reducing the bitscore would not only lead to reduced specificity, but also would compromise the accuracy of assignments. Consider a scenario, where a read originating from an unknown genome shares a high degree of sequence similarity to a read from a known genome. In this scenario, the hits generated by both the reads will have comparable bit-scores. Using bit-score alone will wrongly assign the read originating from the unknown genome to the taxon corresponding to the known genome. Consider another scenario wherein the known genome is highly under-represented in the database. In this case, reads originating from this organism could be wrongly assigned to a closely related taxon that is highly represented in the database. Thus, the above scenarios illustrate the limited accuracy of taxonomic assignments (of reads) based solely on the bit-scores of the alignments (as used in MEGAN).
To address the limitations mentioned above, the method described in this article considers other alignment parameters in addition to the bit-score. Using these parameters, the method first identifies a taxonomic level at which the assignment of a read needs to be restricted. This ensures the accuracy of the assignment. For this purpose, thresholds of alignment parameters which can distinguish between reads diverged from different taxonomic levels were determined (Fig. 2) . Applying this principle of determining the assignment level before the actual assignment of a read has significantly reduced the number of wrong assignments.
An analysis of wrong assignments reveals that SOrt-ITEMS makes relatively lower number of mistakes at all taxonomic levels as compared to MEGAN, the significant difference being observed at the specific levels. This clearly indicates the importance of considering various alignment parameters in addition to the bit scores to bin a read at an appropriate taxonomic level. An examination of the alignments corresponding to these wrong assignments by MEGAN (in the validation data sets) confirm to the above observation. Furthermore, it was observed from the analysis of the Sargasso Sea data sets that 70-91% of reads assigned by MEGAN at the level of species or below had identities below 90% (Supplementary Table S4 -B) . One such example is a read (ID: UDAVA31TR) having an identity value as low as 28% for the best hit. This read, categorized as 'unassigned' by SOrt-ITEMS, was assigned by MEGAN at the taxonomic levels below species (to the taxon Gloeobacter violaceus PCC 7421).
While ensuring the accuracy of the assignments of reads to correct taxonomic levels, it is required that the specificity of the assignment is not compromised. The application of orthology approach in the present method ensures the specificity of assignment. This approach identifies the subset of hits that share an orthologous relationship with the read sequence. Assignment of the read to the LCA of this subset of hits would be more specific than assigning the read to the LCA of all the obtained hits. Thus the orthology used by SOrt-ITEMS helps to narrow down to the sub-clade to which the read belongs, thus improving the specificity of assignment.
Thus, the two steps, namely, identification of an appropriate taxonomic level of assignment followed by the orthology approach, is seen to increase the accuracy of assignments of reads, especially those originating from new species and genera. However, it is to be noted that this study assumes a uniform rate of evolution, which might not be a universally valid assumption. Variations exist not only in the rate of evolution of genomes in various clades, but also among genes in a given individual organism (Konstantinidis et al., 2005) . Hence, using fixed identity ranges universally across all clades has its own limitations. In addition, due to the uneven rate of evolution of various genes in a single organism, it is possible that best BLAST hits is not to the closest species, even when the closest species has a copy of that gene. In such scenarios, the orthology approach may result in the read getting wrongly assigned to an species generating the best BLAST hit. The incorrect assignments observed for SOrt-ITEMS could possibly be due to the two limitations mentioned above. However, given the complexity associated with devising gene-specific and clade-specific identity thresholds, and the non-uniform representation of various organisms in the reference databases, the identity thresholds, in combination with the orthology principle, used in this study, nevertheless demonstrates significant improvement in the accuracy of assignments, especially when reads originate from a new species or genera.
SOrt-ITEMS performance
The only steps common to SOrt-ITEMS and MEGAN pertain to removal of insignificant hits based on the bit-score threshold and finding the LCA. SOrt-ITEMS, which performs many steps in addition to the common steps mentioned above, takes approximately twice the time for the final assignment of a read, as compared to MEGAN. However, the significantly low false-positive rate of SOrt-ITEMS justifies this additional time requirement. A plot which compares the time taken by SOrt-ITEMS and MEGAN for binning 1000, 5000, 10 000, 50 000 and 100 000 reads is given in Supplementary Figure S3 . These tests were performed on a workstation with Intel(R) Xeon(R) CPU, 1.86 GHz processor. A parallel version of SOrt-ITEMS software is currently under development.
CONCLUSION
SOrt-ITEMS has been developed as an improved similaritybased binning method. The performance of SOrt-ITEMS has been tested with sequences which mimic reads, obtained from 454 and Sanger sequencing technologies. The success of SOrt-ITEMS in accurately classifying reads obtained from 454 and Sanger sequencing technologies and originating from both known and unknown (new) organisms indicates suitability of this method for efficient binning of metagenomic reads, which are being generated by various metagenomic projects.
